ABSTRACT The hardware-in-the-loop (HIL) simulation system for manipulator docking is an important means to simulate the flexible manipulator on-orbit docking dynamics process. However, the delay of the HIL simulation system leads to the accuracy loss and divergence problems of the system; in this paper, a force and displacement compensation method was proposed toward these problems of the manipulator docking HIL simulation system for single-mass, multi-stiffness, and multi-damping contact. First, time delays including the contact force delay and the force measurement delay were considered. The realtime on-line identification method was applied in the time-varying HIL simulation system, and the contact force delay was compensated by the identification parameters and the discrete force compensation model. The force measurement delay was compensated by a phase lead based force compensation model. The dynamic response model of the motion simulator was not required in the force compensation. In addition, the displacement phase lead compensation model was used to reduce the displacement phase delay of the motion simulator, which improved the reproduction accuracy of the HIL simulation system. Based on the simulation and experimental results, it is shown that the proposed method can effectively and satisfactorily prevent the divergence and improve the accuracy of the reproduction.
I. INTRODUCTION
ITH development of the space exploration, the research on the on-ground simulation technology of the space manipulator docking is particularly important. The terminal of the manipulator is equipped with an end-effector, which uses the docking mechanism (DM) to achieve capture, drag and other docking operations on the target-adapter equipped on the spacecraft. Due to the high cost and important task, the DM, docking initial condition and strategy must pass the verification on the ground before the spacecraft launches. Thus, accurate simulation of the docking dynamics process on the ground is the premise for designing and analyzing the DM, as well as for the on-orbit servicing such as manipulator docking and space station construction [1] - [3] .
The docking simulation of the space manipulator should be carried out under the condition of zero gravity (zero-g) to simulate the weightlessness of the real outer space [4] , [5] . At present, the HIL simulation is most often used, for it combines the fidelity of the physical simulation and the flexibility of the numerical simulation. The motion of the spacecraft in the zero-g space is calculated from a numerical model and then reproduced by a robotic motion simulator. The actual contact force is produced from the real DM. The HIL simulation system for manipulator docking has three main forms based on the state of the manipulator: (1) The manipulator is a physical object. The HIL simulation system needs to simulate the docking dynamics process of the manipulators with different stiffnesses, which causes that the experiment cost is high and the flexibility on changing objects is low. ( 2) The manipulator is a numerical model. Under this condition, the contact force of the HIL simulation system is determined by the contact stiffness and damping of the DM. However, the stiffness of the DM is usually large; in this case, the HIL simulation system with a delay is easy to diverge [6] - [8] . The divergence problem of the system is difficult to be completely solved because of the complex collision principle, the uncertain delay of the motion simulator and the HIL simulation system with multi-degree-of-freedom (multi-DOF); thus, the high stiffness contact should be avoid in the experiment. ( 3) The manipulator is equivalent to a six-DOF physical spring. In order to prevent the adverse effects of a large overall motion at the end of the manipulator on the docking, each joint of the manipulator in the docking process is in a locking state [9] ; therefore, the manipulator in the docking process is represented by the elastic deformation, so the manipulator can be equivalent to a six-DOF massstiffness-damping system [6] , [10] . The equivalent stiffness of the manipulator can be introduced into the HIL simulation system by designing a six-DOF physical spring mechanism. In view of the low stiffness of the spring mechanism (manipulator), the stiffness of the system can be reduced, and the stability of the system can be improved; this form of the HIL simulation system reduces the cost and guarantees the flexibility on changing the objects. In this paper, the third form of the HIL simulation system for manipulator docking is chosen as the research object. The serial-type robots are developed as the HIL motion simulator to simulate the contact dynamics in space [11] - [13] . In this study, the parallel-type robot will be used as the motion simulator. Its high stiffness, high precision and high payload are beneficial to simulate the motion state of a spacecraft.
One challenging problem for the HIL simulation is the divergence and accuracy loss. The dynamic response delay of the motion simulator makes the actual position of the motion simulator deviate from the desired position of the dynamics calculation and results in the actual force measured by the sensor deviates from the desired force corresponding to the desired position (which is called the contact force delay). After cyclic calculation and measurement, the displacement deviation of motion simulator and the deviation of the force measurement increase; which not only affect the accuracy of system reproduction, but also often cause the system divergence, resulting in the damage of the DM.
Several methods of delay compensation for HIL simulation system have been put forward. (1) When the delay model is known and time-invarying, the model-based forward compensation method can be applied. Chang et al. [14] considered the delay of the electrical components and digital control; and developed a compensation model based on the quantitative feedback theory (QFT); but design of the proper parameters was not easy. Shimoji et al. [15] applied a firstorder compensation model aiming at the pure or first-order time delay, which decreased the delay of the simulator. Osaki et al. [16] and Abiko et al. [17] used force compensation method to achieve the desired contact force by adding the virtual force onto the measured force, respectively; the research objects were undamped contact systems, and the contact frequency and time delay were known. (2) When the delay model is unknown, the compensation method becomes difficult and immature. Ananthakrishnan et al. [18] developed a prediction-based feed forward filter to make a ground-based hydraulic simulator generate contact forces and rebound velocities that matched those desired during Shuttle on-orbit berthing operations; however, the prediction model was trained offline, the on-orbit data for the training was unknown before the simulation. Zebenay et al. [19] used the virtual damper force to compensate the measured force; although the delay model for the motion simulator wasn't needed, this method required a large number of experiments and experiences to modify the model and parameters. The force compensation method was studied for the delay of the elastic contact system by Qi et al. [20] ; the measured force was compensated through the force compensation model based on the stiffness identification, and the stability of the system was improved; however, the method was strictly limited to the form of contact and didn't consider the response compensation of the motion simulator.
The primary cause for the divergence and accuracy loss of the HIL simulation system is the delay which results in the deviation of the displacement and the contact force. However, the motion simulator has different delay characteristics at different positions and frequencies, so it is difficult to completely eliminate the dynamic response delay. In the literature, the dynamic response delays of the motion simulator or the contact force delays are compensated and corrected through predictions and experiments, but these methods are tedious and prone to bias. In this paper, a method combining force and displacement compensations is proposed to prevent the divergence and accuracy loss of the manipulator HIL simulation system. The contact force compensation method is based on model-free compensation, and the displacement phase compensation method is model-based compensation. Force compensation ensures that the force input to the dynamics model is the same as the desired force corresponding to the desired position, which prevents the system from diverging. The displacement phase compensation is used to further improve the accuracy of the reproduction of the desired displacement. Compared with the current research, the main contributions of this study are as follows:
(1) The physical objects and contact form in the HIL simulation system are different. The current literature basically aims at two rigid spacecrafts docking; the contact force is determined by the single contact stiffness and the single contact damping during the HIL simulation system docking. In this study, a space manipulator (i.e. six-DOF spring mechanism) and an end-effector are the physical objects, five attribute parameters of the double-stiffness (manipulator and contact stiffness), the double-damping (manipulator and contact damping), and the single-mass (effective mass of the end-effector and the manipulator) influence the contact force during the docking, making the contact form and the force compensation method become complicated.
(2) The force compensation is based on the multiparameter on-line identification. Five attribute parameters are time-varying in the docking process. In order to get the accurate compensation force, the real-time on-line identification parameters method is adopted, and the compensation force is calculated by the deviation between the input and output displacement of the motion simulator. Moreover, the phase lead compensation model is used to compensate the sensor's measurement delay.
(3) The force compensation model is established in the discrete-time domain instead of the usual continuous-time domain. Identification is usually carried out in a discretetime domain. In this study, the identification results of a complex contact force model after discretization are five process parameters determined by the attribute parameters. The attribute parameters can be calculated through the process parameters, but the results have a numerical singular problem, which leads to the distortion compensation. Therefore, a discrete-time domain force compensation model of the process parameters is used to calculate the compensation force.
(4) The displacement phase lead compensation model is established based on dynamics frequency. Although it is difficult to eliminate the delay of the motion simulator, the dynamics frequency range of the docking can be estimated in advance through the simulation parameters; therefore, phase lead compensation model can be established to reduce the motion simulator's phase delay in the dynamics frequency range and improve the reproduction accuracy.
This paper consists of six sections. Following this section of the introduction, the HIL simulation system for manipulator docking is introduced in section II. The model of the HIL simulation system is described in section III. Compensation models of HIL simulation system for manipulator docking are proposed in section IV. Simulations and experiments are included in Section V. Finally, section VI gives the conclusion.
II. HIL SIMULATION SYSTEM FOR MANIPULATOR DOCKING
A. MANIPULATOR DOCKING SYSTEM Figure 1 shows the space docking system, which has a spacecraft, a target-adapter, an end-effector, a manipulator and a space station (the mass of the space station is huge, so that its displacement under the docking force is negligible, and it is regarded as a stationary object during the docking). The success of the docking depends on the relative position of the end-effector and the target-adapter. Considering the elastic deformation of the manipulator, the manipulator can be regarded as two parts: a deformable flexible part (at the terminal of the end-effector, which can fully simulate the flexibility of the manipulator) and a non-deformable rigid part, so the rigid part of manipulator and the space station can be regarded as a static whole. During the docking, the endeffector moves under the actions of the flexible part and the contact force. 
B. HIL SIMULATION SYSTEM FOR MANIPULATOR DOCKING
The structure of the HIL simulation system for manipulator docking is illustrated in Fig. 2 . The physical objects include a force sensor, an end-effector, a six-DOF spring mechanism, a target-adapter, a six-DOF parallel robot (motion simulator) and a frame. The target-adapter and the end-effector used in the HIL simulation are the same as those in real space, which generate an actual contact force during the contact. The force sensor is attached under the frame, and the six-DOF spring mechanism is placed between the force sensor and the end-effector to simulate the flexible part of the manipulator in Fig. 1 . A six-DOF parallel robot is used to reproduce the motion of the spacecraft for its high stiffness and accuracy. The dynamics model used in the HIL simulation describes the motion of the spacecraft with respect to the contact force measured by the force sensor. In the drag stage of manipulator docking, the zero-g space environment is simulated in the dynamics model. The drag operation is realized by the drag mechanism which locates inside the end-effector. Schematic diagram of the drag mechanism and the drag principle is shown in Fig. 3 . A lead screw is mounted inside the end-effector, and a motor drives the lead screw to rotate at a constant angular speed; the constant speed rotation of the lead screw can be transformed into a constant speed linear motion of the drag mechanism. Before the drag stage, three wire ropes of the drag mechanism have already captured and fixed the rod of the target-adapter; during the drag stage, the wire ropes move up with the drag mechanism, which makes the target-adapter move under the elastic forces produced by the deformation of the wire ropes.
C. PRINCIPLE OF THE HIL SIMULATION SYSTEM FOR MANIPULATOR DOCKING
The principles of the real space docking and the HIL simulation for manipulator docking are shown in The force sensor determines whether the HIL system can get actual contact force at the current moment, and the motion simulator determines whether the HIL system can reproduce the desired displacement to get the desired contact force at the next moment. When the dynamics model of the spacecraft can accurately describe the motion of the spacecraft; the closer the F' and x' of the HIL simulation system are to the F and x of the real docking system, and the higher the fidelity of the HIL simulation system is. 
III. MODELING OF THE HIL SIMULATION SYSTEM FOR MANIPULATOR DOCKING
The model of the HIL simulation system is shown in Fig. 6 , which is the prerequisite to establish the force and displacement compensation model. 
A. SPACECRAFT DYNAMICS MODEL
The spacecraft moves under the elastic forces produced by the deformation of the wire ropes, and the flexible wire rope acts on the target-adapter can be regarded as a flexible spring with stiffness and damping acts on the target-adapter. The contact force is affected by the stiffness and damping of the wire rope in vertical direction, and the drag process is represented by a single-DOF motion. The interaction between the mechanisms can be described in Fig. 7 . k m and c m are the stiffness and damping of the manipulator (six-DOF spring mechanism) in the vertical direction; k p and c p are the stiffness and damping of the wire rope in the vertical direction; v is the relative velocity (constant value) of the drag mechanism and the end-effector. The mass of the end-effector m e (no more than 100 kg) is very small relative to that of the spacecraft m s (usually in a few tons or tens of tons) and the oscillation acceleration produced by the end-effector is small because of the small stiffness of the manipulator; then the inertia force of the endeffector is negligible for the dynamics characteristics of the spacecraft. The measured force f mea is equal to the contact force, the dynamics model of the spacecraft is:
where s des is the desired displacement of the dynamics calculation (input of the motion simulator).
Then, the transfer function of the dynamics is:
Two docking dynamics frequencies ω 1 and ω 2 are: 
B. FORCE MEASUREMENT MODEL
The force measurement system includes a force sensor, an amplifier and a data acquisition card. There is a time delay from the actual force f act (t) to the measured force f mea (t). The delay caused by the force sensor and its amplifier can be approximated to a first-order model with a delay time of T f , which is as follows:
The actual force f act (t) can be obtained by the actual displacement of the motion simulator s act , the velocity of the drag mechanism v and five attribute parameters; the derivation process is given as follows. Set the displacement and velocity of the end-effector are x e andẋ e ; the relative displacement and velocity of the drag mechanism and the end-effector in the body coordinate system of the end-effector are x (x is equal to zero at the initial time of the drag) and v(v =ẋ); then, the displacement of the drag mechanism x d in the inertial coordinate O e is:
Laplace transformation of Eq. 5:
Equilibrium equation of the end-effector is:
Laplace transformation of Eq. 7:
The actual force f act (t) is:
Laplace transformation of Eq. 9:
According to Eq. 6, Eq. 8 and Eq. 10, the Laplace transformation of the actual force f act (t) is obtained as follows:
The actual force of the motion simulator under the displacement of s act is obtained in Eq. 11. Then, the desired force model with respect to the desired displacement s des can be obtained based on the above deduction:
The deviation between the actual force corresponding to the actual position and the desired force corresponding to the desired position can be obtained by the Eq. 11 and Eq.12:
According to Eq. 13, the deviation of the force is only related to the five attribute parameters, the desired displacement of the motion simulator and the actual displacement of the motion simulator; which is independent of the motion state of the drag mechanism and the dynamics response delay model of the motion simulator.
D. MOTION SIMULATOR MODEL
A multi-rigid-body dynamics model and a control model of the motion simulator, as shown in Fig. 8 , are established to analyze the displacement phase characteristics of motion simulator in the dynamics frequency range, so as to establish the phase lead compensation model. The dotted line region is a multi-rigid-body dynamics model of the motion simulator based on the Kane's method; VOLUME 6, 2018 where q is the six-DOF attitude of the motion simulator; M s (q) denotes the mass matrix of the motion simulator's platform and leg in the inertial coordinate system; C s (q,q) is the Coriolis term in the inertial system; G s (q) is the gravity and the external force in the inertial coordinate system; J lq (q) is the velocity Jacobian matrix. The dash-dot line region is the control system model of the motor; where PI denotes the proportional-integral controller; P denotes the proportional controller; L and R are the inductance and resistance of the motor, respectively; K e is the back EMF coefficient of the motor; K T is the torque coefficient; J and B are the equivalent inertia and damping of electric cylinder and motor, respectively; K 2 is the velocity conversion coefficient of the electric cylinder and the motor; K 1 is the reciprocal of K 2 ; β is a current feedback coefficient; f a andl are the output force and line velocity of electric cylinders. The six electric cylinders of the motion simulator have the same characteristics, so are the six motors; and the diagram of the control principle for one motor is shown in Fig. 8 .
IV. COMPENSATION METHOD TOWARDS THE HIL SIMULATION FOR MANIPULATOR DOCKING
A force and displacement compensation method is proposed, as shown in Fig. 9 , to prevent the simulation divergence and improve the accuracy of reproduction. If the compensated forcef des is equal to the force f des corresponding to the desired position, then, the desired position at the next moment of the spacecraft can be obtained through the dynamics model. If the compensated position of the motion simulator s act is equal to the desired position s des , then, the motion simulator can accurately reproduce the docking process.
A. FORCE MEASUREMENT DELAY COMPENSATION
The time lead 1+T f s can fully compensate the time delay 1/(1+T f s) of Eq. 4. Therefore, the compensation model of the force measurement delay is given by:
B. CONTACT FORCE DELAY COMPENSATION
1) DISCRETIZATION OF CONTACT FORCE MODEL AND FORCE COMPENSATION MODEL
When identifying parameters, the continuous-time contact force model is discretized to get the difference equation. The differential transformation, zero-order hold and bilinear transformation are the commonly used discrete methods. The following difference equation of Eq. 11 can be obtained in any discrete method:
wheref act (k),f act (k − 1) andf act (k − 2) are the forces after the contact force delay compensation, s act (k), s act (k − 1) and s act (k − 2) are the displacements of the motion simulator, x(k), x(k − 1) and x(k − 2) are the relative displacements of the drag mechanism and the end-effector; which are stored in real-time and are known parameters. a, b, c, d, e are the process parameters that need to be identified. By different discrete methods, theoretical values of the process parameters are different; the backward difference method is used in this study, the theoretical values are as follows: The difference equation of the compensation force is obtained by discretizing the force compensation model of Eq. 13:
where f act (k − 1) and f act (k − 2) are the compensation forces, s dev (k), s dev (k − 2) and s dev (k − 2) are the displacement deviations of the motion simulator; which are stored in real-time and are known parameters; therefore, the compensation force f act (k) can be obtained by combining the identification results of the process parameters. If the sampling time for discrete points is equal to the time interval of the system simulation, the desired forcef des at any moment can be obtained:
2) REAL-TIME PARAMETER IDENTIFICATION BASED ON KALMAN-FILTER
The identification results will be affected by the noise interference of the force sensor and the accidental friction of the mechanisms during the docking process; especially when the number of the identification objects is large. Thus, Kalmanfilter identification method is used in this study for its strong anti-noise interference and good stability; in addition, this identification method has high accuracy for the system with large variation in parameters. We assume the linear system of Eq. 15 can be described as:
where W (k) is the friction noise and sensor measurement noise, V (k) is the system process noise, and:
The Kalman-filter identification model is as follows:
where Q k−1 and R k are the covariance matrixes of V (k) and W (k), respectively; P(k|k) is the error covariance matrix;
The initial values Y (0|0) and P(0|0) need to be set before the identification. In order to get the accurate identification results quickly, we can estimate the five attribute parameters to calculate the approximate ranges of the process parameters; and the initial values Y (0|0) and P(0|0) are taken in this range.
C. DISPLACEMENT PHASE DELAY COMPENSATION
By estimating the approximate ranges of the five attribute parameters, dynamics frequency ranges can be obtained based on Eq. 3. It is found that the amplitude of the high frequency oscillation is very small, and it quickly attenuates to disappear under the effect of damping. The docking process is fundamental frequency motion (low frequency motion), thus, the displacement phase lead compensation model of the motion simulator can be established according to the low frequency range. The range of the phase angle ϕ(ϕ ∈ [ϕ min ϕ max ]) within the range of the dynamics frequency ω 1 (ω 1 ∈ [ω min ω max ]) is obtained by the motion simulator model of Fig. 8 . The displacement phase lead compensation model is:
The maximum positive phase angle ψ max that the compensation model of Eq. 22 can provide and the corresponding frequency ω m are expressed as:
The delay phase angle of the motion simulator increases with the increase of the frequency; therefore, the maximum phase angle ϕ max is got at frequency of ω max , set:
Then α and T in the compensation model can be obtained. K is calculated according to the amplitude deviation generated by (1+αTs)/(1+Ts) at the frequency of ω m . Although the proposed displacement phase lead compensation model can reduce the phase delay of the motion simulator in the dynamics frequency range, the delay of the HIL simulation system cannot be completely eliminated by only using this compensation model, and the HIL simulation system still has VOLUME 6, 2018 the divergence and the loss of accuracy. The displacement phase lead compensation method should be used with the force compensation method.
V. VERIFICATIONS A. SIMULATION VERIFICATIONS
The HIL simulation system model for space manipulator, as shown in Fig. 9 , was established using the Simulink module of the Matlab software. The drag mechanism moves at a constant speed, thus, the displacement curve of the motion simulator is close to an oblique line; however, it is difficult to observe the frequency characteristics and the reproduction accuracy under the gradual curves. The oscillation curves are convenient to compare the performances of different compensation methods. So set the drag mechanism was stationary in the simulation and experiment, respectively; and the motion simulator offset downward 10 mm and 5 mm from the equilibrium position (contact force was zero), respectively, which made the wire rope and the spring mechanism deform; then the HIL simulation system came into the dynamics stage, the push and pull oscillation process of the spacecraft under the contact force was simulated. Because there was no precise measurement delay model of the force sensor, it was considered that the force sensor had no delay in the simulation, only had the friction noise and force measurement noise n(t) (and R k (n)=0.001); then the variables relationship of the 'force measurement delay compensation' in Fig. 9 was:
The validity of the contact force delay compensation (CFDC) and the displacement phase delay compensation (DPDC) were verified by simulation. The validity of the force measurement delay compensation (FMDC) was only verified by experiments.
1) THE EFFECTIVENESS OF THE COMPENSATION METHOD
The simulation parameters are selected based on the range of the physical parameters in the real space docking. Because of the flexibility of the space manipulator, the docking dynamics frequency (fundamental frequency) is usually within 2 Hz; firstly a set of the parameters in the lower dynamics frequency range is selected as shown in Table 1 .
The displacements of the motion simulator with different compensation methods are shown in Fig. 10 . The ideal curve in the Fig. 10 refers to the motion displacement of the spacecraft in the real space docking, and the dynamics frequency is 0.97 Hz. We can get that the displacement of the motion simulator is divergent without the compensation method; the CFDC compensation method can prevent the divergence of the system. Due to the displacement phase delay of the motion simulator, there are phase deviation and accuracy loss in the displacement with the CFDC method; which are small when the motion frequency is small. The displacement with the CFDC+DPDC method basically coincides with the ideal Fig. 11 , which indicate the Kalman-filter identification method can obtain accurate results in the case of noise. Five attribute parameters can be calculated by Eq. 16, as shown in Fig. 12.   FIGURE 11 . Identification results of the process parameters. Because there is a small deviation of process parameters between the identification results and the theoretical values, the attribute parameters calculated by Eq. 16 are singular. The attribute parameters are seriously distorted, and some parameters have negative values. Therefore, the continuoustime domain model cannot be used for compensation.
The ideal force, the measured force without compensation and the compensated force with CFDC method are given in Fig. 13 . It shows that the measured force without compensation is delayed to the ideal force, while the phase of the compensated force is close to the ideal one. The phase delay between the measured force and the ideal one is compensated; therefore the simulation is no longer divergent. 
2) THE EFFECTIVENESS OF CFDC+DPDC WITH DIFFERENT DIFFERENCE METHODS
The difference equation of the Eq. 15 can be obtained through three difference methods including the forward difference, the backward difference and the bilinear transformation, but the theoretical values of the process parameters are different under three difference methods. By selecting different identification initial values, the identification results of the process parameters under the three difference methods can be obtained; and the corresponding displacements of the motion simulator with the CFDC+DPDC method are shown in Fig. 14 . Although the identification results of process parameters are different, they all prevent the system from diverging and have high reproduction accuracy; which reflect the flexibility of the discrete-time domain compensation model. 
3) THE EFFECTIVENESS OF THE COMPENSATION METHOD FOR TIME-VARYING PARAMETERS
A set of parameters in the range of high dynamics frequency, as shown in Table 2 , is selected to study the effectiveness of the compensation model for the constant parameter system and the time-varying parameter system. The displacements of the motion simulator with different compensation methods are shown in Fig. 15 . The dynamics frequency is 2.6 Hz. With the increase of the dynamics frequency, the system divergence is faster and more obvious without compensation. The application of CFDC method can prevent the system from diverging, but the delay and attenuation of the motion simulator's displacement are obvious at high frequency, and the loss of accuracy is great. The CFDC+DPDC method can obtain the ideal reproduction result. The ideal force, measured force without compensation and the compensated force with the CFDC method are given in Fig. 16 . Compared with the ideal force, the measured force without compensation has a large delay and a rapid divergence. The phase of the compensated force with the CFDC method is close to the ideal force. A sine signal with amplitude of 8e4 N/m and frequency of 1 Hz is superposed with the contact stiffness k p in Table 2 to simulate the time-varying parameter. The CFDC+DPDC compensation method is used in the time-varying parameter system, the corresponding displacement of the motion simulator is shown in Fig. 17 ; which indicates that the CFDC+DPDC method can prevent the divergence of the time-varying systems and ensure the system with high reproduction accuracy. The changes of k p have a great impact on the process parameters of c and d, and the identification results are shown in Fig. 18 . We can obtain that Kalman-filter method for identifying of the time-varying parameters is still accurate. Results of the identification and the force compensation are also obtained by using the recursive least square (RLS) method, the corresponding displacement and identification parameters of the motion simulator are shown in Fig. 19 and Fig. 20 , respectively. Using the RLS identification method, the identification accuracy of the time-varying parameters and the effect of force compensation are poor. The Kalman-filter identification method can improve the recognition response by adjusting the covariance Q k−1 of the process noise.
4) POLES ANALYSIS OF THE CLOSED-LOOP SYSTEM BASED ON COMPENSATION METHOD
To further explain how the force compensation method can prevent the system from diverging, the poles analysis method is utilized to analyze the closed-loop characteristics of the HIL simulation system. The ideal system model (real space docking in Fig. 4 ) and the actual system model (in Fig. 5 ) with CFDC compensation method are established by the Simulink, and the poles and zeros of the two systems are further obtained through the 'New Pole/Zero Map' tool in the Simulink, which are shown in Fig. 21 and Fig. 22 , respectively. The poles are plotted as 'x' and the zeros are plotted as 'o'. Some poles and zeros of the closed-loop HIL simulation system are canceled with the CFDC compensation method, and the remaining ones are close to those of the ideal FIGURE 21. Poles and zeros of the ideal closed-loop system. system. That is why the compensated HIL simulation system can approximate the ideal system.
B. EXPERIMENTAL VERIFICATIONS
The experimental facilities of the HIL simulation system for manipulator docking were shown in Fig. 23 . Due to the classified reasons, pictures of the end-effector and the targetadapter can't be provided, and pictures of the other main structures were presented separately. A spring with known stiffness and damping (the stiffness of the spring was within the stiffness range of the wire rope) was used to simulate the elastic of the wire rope. Dynamics calculation of the spacecraft and control of the motion simulator were accomplished by two sets of upper and lower computers. The upper and lower computers transmitted data through Ethernet, and two lower computers transmitted data through reflective memory. In the experiment, the Xpc real-time simulation system of MATLAB was applied, and the sampling period was FIGURE 23. The experimental facilities of the HIL simulation system. VOLUME 6, 2018 set as 1 ms. The initial displacement offset of the motion simulator was 5 mm in vertical direction, and the contact force was measured by the force sensor (FP4060-10-2000, BERTEC, American), then the HIL simulation system came into the dynamics calculation process.
The experimental parameters are listed in Table 3 , and the dynamics frequency is 0.43 Hz. The displacements of the motion simulator with different compensation methods are shown in Fig. 24 . It can be seen that the displacement of the motion simulator is divergent without compensation method; the separate use of FMDC method and CFDC method only slows the divergence trend, but doesn't prevent the divergence; CFDC+FMDC compensation method can prevent the system from diverging, and due to the displacement phase delay of the motion simulator, the reproduction accuracy is slightly lost; the displacement with the CFDC+FMDC+DPDC compensation method coincides with the ideal displacement. measurement force has a phase delay by only using the FMDC compensation method. The phase of the compensated force with the CFDC+FMDC approximates the phase of the ideal force.
The mass of the spacecraft is set to 1000 kg to simulate high dynamics frequency, and the corresponding dynamics frequency is 0.87 Hz. The displacements of the motion simulator with different compensation methods are shown in Fig. 27 . With the increase of the dynamics frequency, the system divergence is faster and more obvious without compensation; the CFDC+FMDC method can prevent the divergence of the system; after adding the DPDC method, the reproduction result approximate the ideal result. The ideal force, the compensated force with FMDC method and the compensated force with CFDC+FMDC method are shown in Fig. 28 . The phase of the compensated force with the CFDC+FMDC method is close to that of the ideal force.
From the above experiments, we can obtain that simulation divergence problem of the HIL simulation system for space manipulator docking is prevented by using the proposed force compensation method and the reproduction accuracy is further improved by using the displacement phase compensation method. Then, the satisfactory simulation fidelity is achieved.
VI. CONCLUSIONS
The divergence and accuracy problem of the manipulator docking HIL simulation for the multi-stiffness, multidamping and single-mass contact was solved by a force and displacement compensation method. The force compensation included the force measurement delay compensation and the contact force delay compensation. The phase lead based force compensation was effective to compensate the force measurement delay. A discrete force compensation model based on real-time identification parameters was used to compensate the contact force delay. In the condition of noise interference and time-varying parameters, accurate results of the identification parameters can be obtained by applying of the Kalmanfilter identification method. And the discrete-time domain compensation model avoided the parameter singularity of the continuous-time domain model, which obtained the accurate compensation force. In addition, the force compensation was the model-free compensation. The displacement phase lead compensation model based on the dynamics frequency was effective to reduce the displacement phase delay of the motion simulator, which improved the reproduction accuracy of the HIL simulation system. Simulations and experiments verified that the satisfactory simulation fidelity can be achieved by the proposed force and displacement compensation method. In the future, the proposed method will be extended to a six-DOF space contact.
